ABSTRACT The Pitzer model is one of the most important thermodynamic models to predict the behavior of aqueous electrolyte solutions, especially at high ionic strengths. However, most of the parameters in the Pitzer equations have to be obtained experimentally and this represents an important drawback to this model. Therefore, in order to make the Pitzer equations less dependent on experimental data and more dependent on the properties of the solution, new equations that correlate the Pitzer equations with the properties of the solution have been successfully developed for 1-1, 2-1, 3-1, 4-1 and 2-2 electrolytes. In particular, these equations were developed for two cases: (i) considers the original Pitzer equations and (ii) considers some simplifications to the Pitzer equation (assuming C  B and  ). In particular, for case (ii), the second virial coefficients B and B
INTRODUCTION
The Pitzer model is a semi-empirical model that is very important for the understanding of the behavior of ions dissolved in water. This model was first described by the chemist Kenneth Pitzer and it characterizes interactions amongst the ions and the solvent through linear combinations of parameters involving a virial expansion of the excess Gibbs free energy 1 . Moreover, this model is very efficient at predicting the behavior of the electrolyte solutions ranging from infinitely diluted solutions to very concentrated ones, up to a molality of 6mol/kg 2 . On the other hand, the Pitzer model is largely empirical and the virial parameters representing short-range interactions cannot be directly correlated to the properties of the solution, and thus cannot be extrapolated for different cases. In fact, this is an important drawback of the Pitzer model since in many cases the experiments required to obtain the parameters in the Pitzer equations are very difficult to perform, e.g. experiments involving radioactive species 3 . Therefore, finding a way to correlate the virial terms in the Pitzer equation with the properties of the solution is highly important.
Some attempts at describing the dependence of the second virial coefficients on the properties of the solution, especially with regards to the ionic radii, can be found in the literature. Weian et al. 4 reformed the Pitzer osmotic equation in order to obtain relationships between the second virial parameters and the ionic radii, and the equations obtained could satisfactorily predict the parameters B and B in the Pitzer equations for some 1-1 electrolytes. However, the values of ionic radii used by Weian et al. 4 to calculate the second virial parameters were not the ones available in the literature, but rather values adjusted to fit the experimental data for the osmotic and activity coefficient. Consequently, this model cannot be easily extended to different electrolytes, since the values of the ionic radii found by Weian et al. 4 do not coincide with the tabulated values of ionic radii and hydrated radii available in the literature, e.g. Marcus 5 .
Another attempt to correlate the virial coefficients in the Pitzer equation with the properties of the solution was made by Rosenberg et al. 3 . They estimated the second and third virial coefficients for RaBr 2 , RaCl 2 and RaSO 4 as a function of the hydrated radii of the ions using a linear regression involving chlorides of magnesium, calcium, barium and strontium, which belong to the same group of the periodic table as the radium ion. Despite a very clear linear trend between the parameter B and the hydrated radii of the ions being achieved, the parameters B and C  presented a poor linear correlation. However, this was considered a reasonable approach by Rosenberg et al. 3 due to the unavoidable lack of experimental data.
Finally, Zareen et al. 6 used the dielectric constants of the water at different temperatures as well as the ionic radii to estimate the activity coefficients of salt mixtures by a Monte Carlo Simulation procedure.
The good agreement with experimental data achieved reinforces the strong connection between the ionic radii and the activity coefficients of the species for concentrated solutions, which indicates that the second virial parameters of the Pitzer equations may also have a strong connection with the ionic radii of the species.
In terms of the properties of the solution, it is important to note that diluted solutions (in this study, diluted solutions refers to the maximum ionic strength that can be covered by the Debye-Huckel model,
i.e. approximately 0.01 molal) behave differently from concentrated solutions. While the diluted solutions can be well explained by the Debye-Huckel theory, which assumes that ions are geometrical points that have no volume of exclusion and these ions do not come into contact with each other 7 , concentrated solutions require a more complex analysis, and this can be attributed to the fact that the point ion assumption is no longer valid. This is because ions can now come into contact with each other, and the cloud of orbiting electrons surrounding their nuclei creates a harsh repulsive core that does not allow overlapping 7 . On top of this, other properties of the solution become more and more relevant as the solution shifts from diluted to concentrated, such as the effect of the hydration by the shell of water molecules surrounding the ions, the ion pairing, the geometry of the ion that is not always spherical, the dispersion forces, the predominance of repulsive or attractive short-range forces, the structure maker and structure breaker character of a particular ion, etc. Considering all of these important properties, the second virial coefficients can be interpreted as a result of the combination of all of these properties together, but the weighting of each property to the final numerical value of the virial coefficients may vary from case to case. Nevertheless, it is evident that the size of the ions may have a distinguishable importance, since all the relevant properties of the solution mentioned are to some degree linked to the dimension of the ion, e.g. hydration, ion pairing and dispersion forces.
Therefore, this study aims to find the correlations between the Pitzer equation parameters and the properties of the solution, as well as the understanding of the physical meaning of these interaction parameters. To achieve this, two cases are analyzed, in the first case considering the original Pitzer equation for the osmotic coefficient and in the second case by considering some simplifications to this equation. For the simplified case, the second virial coefficients B and B were re-estimated using the available published data on the osmotic coefficient.
THERMODYNAMIC MODEL AND SIMPLIFICATIONS TO THE PITZER EQUATIONS

The Pitzer Model
The Pitzer model was developed in order to incorporate the effect of short-range forces between pairs of ions as well as the dependence of these forces on the ionic strength 1 . The Pitzer equation for the osmotic coefficient of single electrolytes can be expressed as follows 1 :
where the terms f  and B  are given as follows 8 :
For all the electrolytes, except 2-2 electrolytes 9 :
 and 
For the 2-2 electrolytes 8 :
 and  This maximum molality to which this approximation is valid is evaluated in the discussion section.
Simplifying the Pitzer Equation for the Osmotic Coefficient
-The effect of the third virial coefficient C  is small and sometimes negligible according to Pitzer et al. 9 , and for this reason eliminating this coefficient appears also to be a promising option to be analyzed.
For the condition C  B and all zero, eq 1 can be simplified as follows:
Re-estimating the Second Virial Coefficients in the Pitzer Equation for the Osmotic Coefficient
The re-estimation of the second virial coefficients of the Pitzer equations is important because it allows the estimation of the impact of eliminating the parameters B C  and in the accuracy of the Pitzer model. In contrast to Pitzer et al. 9 , who estimated the second virial coefficients based mainly on the experimental data of the osmotic and activity coefficients recommended by Robson and Stokes [11] [12] [13] [14] [15] , which were obtained in the 1960s, this study also includes newer published data for the osmotic coefficients, e.g. 16, 17, 18, 19, 20, 21, 22, 23 as well as data from some secondary sources, such as Goldberg et al. [24] [25] [26] [27] and Hamer et al. 28 . These sources are secondary sources in the sense that their work includes tables of recommended values rather than experimental data. Particularly, these secondary sources were used because these authors performed a very rigorous selection of consistent experimental data for the osmotic coefficient from the literature, including several sources and different measurement methods, e.g. isopiestic, vapor pressure measurements, freezing point depression, etc. Then, the measurements that presented large uncertainties were eliminated, and hence only reliable values were used to generate the tables of recommended values for the osmotic coefficients.
The second virial coefficients were re-estimated by reforming eq 8 to the Y=AX+B format, as follows:
where:
Therefore, a plot of Y as a function of X can be used to obtain the second virial coefficients B and B .
Correlation accuracy relative to the uncertainty of the data
The majority of the data for the osmotic coefficients used in this study were taken from Hamer et al. 28 ,
Goldberg et al. [24] [25] [26] [27] In terms of these measurement methods, the isopiestic vapor pressure method is very accurate, being better than 1% at molalities above approximately 0.1 mol/kg, but this method is not very precise for more dilute solutions 29 . In this case, the freezing point depression is the most precise method, but this method has the disadvantage that additional calculations are required to convert the value found at lower temperatures to higher temperatures 30 . Regarding direct vapor pressure measurements, this method is less accurate than is the isopiestic method since these vapor pressure measurements are more sensitive to temperature variations than the isopiestic method 31 . Finally, Emf measurements can yield very accurate results near room temperature for systems where reversible and reproducible electrodes have been developed 29 .
In terms of reliability, the tables of activities and osmotic coefficients from Robinson and Stokes [11] [12] [13] [14] and Stokes 15 are well-known and widely accepted and used in the chemical literature 32 , and thus these tables represent a consistent source of information. Likewise, the tables of activities and osmotic coefficients generated by Hamer et al. 28 , Goldberg et al. [24] [25] [26] [27] Therefore, based on the high accuracy of the methods to estimate the osmotic coefficients as well as the high reliability of the sources of information used in this work, it appears that the impact of the uncertainty of the data in the correlation accuracy is low. 8, 9, 10, 16, 23, 10, 34 . Finally, Table 1 includes the classification of each ion in terms of its effects on the structure of water, which can be either by increasing the stability of the waterwater interactions (structure makers or kosmotropes) or by disrupting it (structure breakers or chaotropes). Ions that have strong interactions with water can increase its structuring and, thus, they are structure-makers or kosmotropes, whereas some ions that have weak interactions with water tend to decrease its structuring and, therefore, they are structure breakers or chaotropes 35 . Normally, chaotropes are large and of low charge and kosmotropes are small and highly charged 35 . The classification adopted in this study was based on the criteria established by Marcus 36 , which is a function of the Gibbs free The trends between the second Virial coefficients in the Pitzer equations and the properties of the solution
RESULTS
Re-estimating the Second Virial Coefficients for the Simplified Pitzer Equation
On considering the simplifications applied to the Pitzer equation for the osmotic coefficient, only two parameters need to be correlated with the properties of the solution, namely B and B . However, before starting these correlations, it is important to identify which electrolytes are likely to form ion pairs or complexes. This is because the second virial coefficients were estimated assuming that ions are completely dissociated (or slightly associated) in the aqueous media and this assumption is not valid for some of the electrolytes listed in Table 1 .
According to Marcus et al. 43 , the difference between ion pairs and complexes is that the ion pairs are held by long-range, non-directional electrostatic forces, whereas the complexes are formed by shortrange, spatially directed covalent interactions. On the other hand, Marcus et al. 43 state that this difference is largely semantic because there is no method for determining the origins of the attractive forces that hold the species together and thus complexes and ion pairs should be seen as essentially indistinguishable. Therefore, no effort will be employed in order to rigorously group species in ion pairs or complexes.
The following electrolytes from Table 1 were identified in the literature as electrolytes that could form ion pairs or complexes 44, 45 : -1-1 electrolytes: According to Collins 44 , combinations of kosmotrope cations with kosmotrope anions as well as chaotrope cations with chaotrope anions tend to lead to the formation of ion pairs, because the association in this case is energetically favorable. Therefore, only combinations of chaotrope-kosmotrope and kosmotrope-chaotrope will be considered for the 1-1 electrolytes, with the exception of NaF, which forms ion pairs 45 .
-All the 1-2 electrolytes listed in Table 1 45 .
-The following 2-1 electrolytes 45 -All the 2-2 electrolytes listed in Table I tend to form complexes 45, 8 . However, Pitzer et al. 8 stated that these 2-2 electrolytes could be well represented without the assumption of association equilibrium, and for this reason these electrolytes will be retained in the analysis.
-3-1 electrolytes: it was not identified any electrolyte forming ion pairs/complexes. In addition to this, some other important aspects related to the properties of the aqueous solution are discussed below.
Comparison plots involving the original Pitzer model, the simplified Pitzer model, the correlation equations and the experimental data
1-1 electrolytes
The comparison plots related to the 1-1 electrolytes can be visualized in figures 6 and 7. As it can be seen in these figures, all electrolytes analyzed can be well described by both the simplified Pitzer model and the original Pitzer model, but the original Pitzer model is slightly more accurate in general.
Likewise, the correlating equations (eqs 15 and 17) predict very well the behavior of the chlorides, bromides, iodides and perchlorates, but these equations generally fail to predict the properties of bromates, nitrates, nitrites, hydroxides and fluorides, and this is probably due to the high tendency of these ions to form ion pairs or complexes.
1-2 electrolytes
The comparison plots related to the 1-2 electrolytes can be visualized in figure 8 . Since these electrolytes form ion pairs 45 , hence only the simplified Pitzer equation and the original Pitzer equation
were included in comparison with the experimental data. This figure shows that all electrolytes analyzed can be well described by both the simplified Pitzer model and the original Pitzer model, but the original Pitzer model is slightly more precise in general.
2-1 electrolytes
The comparison plots related to the 2-1 electrolytes can be visualized in figure 9 . Since the nitrates, nitrites, bromates were excluded from the analysis due to the formation of ion pairs (please refer to the results section to more details), then only chlorides, bromides, iodides and perchlorates were used to estimate the correlating equations (eqs 15 and 17). As stated previously in the analysis of 1-1 electrolytes, the chlorides, bromides, iodides and perchlorates can be well predicted not only by the simplified Pitzer equation and the original Pitzer equation, but also by the correlating equations (eqs 15 and 17). It is possible to confirm this good agreement between the three equations and the experimental data in figure 9 .
2-2 electrolytes
The comparison plots related to the 2-2 electrolytes can be visualized in figure 10 . This figure shows that the original Pitzer model predicts well the behavior of the electrolytes over the entire range of concentration, in contrast to the simplified Pitzer model and the correlating equations (eqs 15 and 17), which are able to predict the behavior of the electrolytes only up to a molalitity of 2 mol/kg. In fact, the superiority of the original Pitzer model is not unexpected, because this model contains more parameters than the other two models to account for different interactions, e.g. ion-pairing. Moreover, the fact that the simplified equation was not able to explain molalities above 2 mol/kg can be attributed to the omission of the term B , which according to Pitzer 10 
3-1 electrolytes
The comparison plots related to the 3-1 electrolytes can be visualized in figure 11 . This figure shows that the original Pitzer model is slightly more accurate than the simplified Pitzer model and the correlating equations (eqs 15 and 17) . Moreover, this figure shows systematic errors at molalities above 1 mol/kg for both the simplified Pitzer equation and the correlating equations (eqs 15 and 17), and these errors can be attributed to the omission of the term C  in these equations, which accounts for interactions between triplets of ions. Nevertheless, the only case that the correlating equations (eqs 15 and 17) were not able to fit the experimental data within a 6% precision was relative to the Cr(NO 3 ) 3 , and this is expected since nitrates normally tend towards the ion-pair formation.
4-1 electrolytes
The comparison plot related to the 4-1 electrolytes can be visualized in figure 12 . This figure shows that neither the original Pitzer model nor the simplified Pitzer model and the correlating equations (eqs 15 and 17) fit very well the experimental data. In fact, more 4-1 electrolytes would need to be investigated in order to come to any conclusion regarding the accuracy of the models analyzed.
However, information about 4-1 electrolytes is limited in the literature.
(a) Experimental data for the osmotic coefficient from the literature (see references in Table 1 Experimental data for the osmotic coefficient from the literature (see references in Table 1 .
Case study to demonstrate the predictability of the correlating equations (eqs 15 and 17)
In order to demonstrate the good predictability of the correlating equations (eqs 15 and 17), a case study involving rare-earth perchlorates was analyzed. The experimental data for the osmotic coefficients related to these rare-earth perchlorates were taken from Libus et al. 47 . Moreover, the ionic radii used were taken from Marcus 5 , except for the perchlorate ion, which was taken from Roobottom 38 .
The predicted values of B and B calculated by the correlating equations (eqs 15 and 17) are shown in Table 2 . Also, the comparison between the osmotic coefficients calculated by the correlating equations (eqs 15 and 17) and the experimental osmotic coefficients related to these rare-earth perchlorates can be visualized in figure 13 . Particularly, this figure shows a remarkable agreement between the predicted values and the experimental ones, and this confirms the good reliability of these equations to estimate the values of B and B . 
Simplified Pitzer equation versus original Pitzer equation
It has been shown that the effects of the coefficients C  B and  are small and it is in general a good approximation to estimate the activity and osmotic coefficients without these parameters.
In terms of B and  , the elimination of these parameters cause systematic errors at molalities higher than 2 mol/kg, and hence this approximation should not be performed if the molality of interest exceeds this value. In the case of C  , this coefficient accounts for the short-range interaction of triplets and then the probability of interactions of triplets of ions increases. Therefore, if this parameter is available then there is no reason to disregard it, but if this value is not available, the analysis performed suggests that it is a good approximation to estimate the activity and osmotic coefficients without this coefficient.
Repulsive and attractive forces
According to Pitzer et al. 9 , the value of the second virial coefficient can be either positive or negative depending on the net predominance of the repulsive or attractive short-range forces. In other words, low values of B and B indicates an important contribution of the short-range attractive forces to the net short-range forces, whereas high values of these coefficients indicate an important influence of shortrange repulsive forces. In this context, it is interesting to observe in figures 2, 3, 4 and 5 that the values of B and B increase as the absolute difference between the ionic radii of the cation and the anion increases, and this suggests that combinations of ions with different sizes lead to a net predominance of short-range repulsive forces. This is in agreement with Pitzer et al. 9 , who stated that "we expect a larger repulsive effect for like-charged ions when there is a difference in size". Likewise, the values of the second virial coefficients increase with the as the ionic charge of the cation increases, and this also indicates the predominance of repulsive forces. In contrast, the second virial coefficients decrease as the ionic charge of the anions increases and this indicates that the anions tend to contribute to the attenuation of the short-range repulsive forces. This is in agreement with the fact that all of the 1-2 and 2-2 electrolytes investigated in this study are forming to some extent ion pairs or complexes, which is associated to the attractive short-range forces.
Ion pairing and complex formation
The Pitzer equations were not originally created to deal with ion pairing or complex formation phenomena, except for 2-2 electrolytes where corrections for ion pairings were provided 8, 9 . With the increased use of Raman spectroscopy and other investigation methods, it has been found that many of the electrolytes considered by Pitzer in his analysis as completely dissociated can actually form ion pairs/complexes in a significant scale, and thus these electrolytes require different theoretical treatments. 
Structure breaking and structure making ions
As mentioned before in the results section, according to the Collins 44 , ions with similar affinities with the water molecules tend to form stable ion pairs 48 . In particular, this rule was very important to systematically eliminate the 1-1 electrolytes that are more likely to form ion pairs.
In fact, the low values of B and B presented by all of the 1-1 electrolytes with similar affinities with the water molecules provides very strong evidence of the formation of ions pairs, and this is because as mentioned before in the discussions of repulsive and attractive forces, these low values indicate important contributions of the short-range attractive forces to the net short-range forces. Furthermore, Pitzer 9 also observed that ions with similar affinities with the water molecules tend to have lower values of B and B . Finally, it is possible to find in the literature experimental and theoretical evidence of the formation of ion pairs for ions with similar affinities with water. For example, Moskovits et al. 49 investigated the ion pair formation in alkali hydroxides using Raman Spectroscopy. Likewise, Gujt et al. 50 studied ion pairing associated to alkali metal halides using the electrical conductivity and the Monte Carlo computer simulation methods. In the same way, Chen et al. 51 investigated ion pairing and cluster formation in strong 1-1 electrolytes by making direct comparison of the results from detailed molecular dynamics simulations to experimentally observed properties of these 1-1 electrolytes.
Geometry of the ions
Most of the cations analyzed in this study are fairly spherical, and thus no conclusion can be made regarding the influence of the geometry of the cations on the values of the second virial coefficients based on the data analyzed. In fact, most of the cations with complex geometries
were not investigated in this study due to the lack of data in the literature, especially with regards to the thermochemical/ionic radii as well as the ion pair formation.
Regarding the anions, some of them have complex geometries, including the anions NO 2 , SCN and NO 3 that are not exactly spherical. Considering these three anions, the first two, NO 2 and SCN, did not present any unexpected behavior, and this is in contrast to the nitrate ion that formed ion pairs/complexes in most of the cases analyzed. However, it is not possible to conclude that the geometry of the anion was the reason for this anomalous behavior of the nitrate ion, because the other two non-spherical ions NO 2 and SCN behaved normally.
Consequently, based on the set of data analyzed it is not possible to come to any conclusion about the influence of the geometry of the cations and anions on the values of the second virial coefficients.
Hydrated radius of the ions
As mentioned before in the results section, several trials were performed to fit the second virial coefficients with the hydrated radii, but they all failed. On the other hand, it was found that there is a very good correlation between the second virial coefficients and the ionic radii (R 2 >0.96), 35 and this reinforces that the second virial coefficients are more strongly connected to the ionic radii than the hydrated radii.
Dispersion forces
Despite the fact that dispersion forces may have an influence on the values of the second virial coefficients, a more sophisticated analysis is required in order to account for these effects, but this is not within the scope of this study.
Effects of temperature on Virial coefficients
The effects of temperature on the virial coefficients are not known in general, but these effects are very important because many industrial processes deal with temperatures different from 25 o C. However these effects are beyond the scope of the present study but could be the subject of future research work. 
CONCLUSIONS
Simplifications to the Pitzer equation
Estimation of the second Virial Parameters to the simplified Pitzer equation
The second virial coefficients B and B were re-estimated for 122 inorganic electrolytes using published experimental data for the osmotic coefficients, see Comparison plots were generated in order to illustrate the agreement between the experimental data for the osmotic coefficients and the three models analyzed, i.e. the original Pitzer model, the simplified Pitzer model and the correlating equations (eqs 15 and 17). In summary, the three models agree well with the experimental data for the osmotic coefficients, being the original Pitzer model slightly more accurate, and this is because this model contains more parameters to account for the various types of ion interactions in the aqueous solutions. However, the correlating equations (eqs 15 and 17) failed to predict the behavior of bromates, nitrites, nitrates, hydroxides and fluorides, and this indicates that these anions are likely to form ion pairs.
Case study to demonstrate the predictability of the correlating equations (eqs 15 and 17)
A case study involving rare-earth perchlorates was analyzed in order to demonstrate the predictability of the correlating equations (eqs 15 and 17). As a conclusion, the predictions agreed remarkably well with the experimental data for the osmotic coefficients, and this reinforces the reliability of these equations to estimate the properties of single electrolytes in aqueous solutions.
Correlation between the second Virial coefficients and the properties of the solution
The second virial coefficients were discussed in terms of the properties of the solution, as follows:
38
-Attractive and repulsive forces: Low values of the second virial coefficients represent a significant contribution of the short-range attractive forces, whereas high values represent a significant contribution of the short-range repulsive forces. Also, shortrange repulsive forces are enhanced as the ionic charge of the cation increases. In contrast, the short-range repulsive forces are attenuated as the ionic charge of the anion increases, and good evidence of this is the formation of ion pairs/complexes for all of the 1-2 and 2-2 electrolytes analyzed, since the formation of ion pairs are related to short-range attractive forces.
-Ion pairing/complex formation: The electrolytes analyzed that are more likely to form ion pairs/complexes presented in general lower values of B and B than electrolytes that are unlikely to form ion pairs, and these low values indicate important contributions of the attractive short-range forces to the net short-range forces.
-Structure breakers and structure makers: It has been shown that ions with similar affinity with water tend to form stable ion pairs.
-Geometry: Since most of the ions analyzed are almost spherical, it was not possible to precisely identify the influence of the geometry of the ions on the values of the second virial coefficients.
-Hydrated radius: No strong correlation between the second virial coefficients and the hydrated radius was achieved.
-Dispersion forces: The effect of the dispersion forces on the values of the second virial coefficients could not be identified based on the data analyzed, and a more sophisticated analysis would need to be performed in order to account for these effects.
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Temperature: The effects of temperature on the virial coefficients are not known in general, but they are very important in numerous practical situations. However, these effects are beyond the scope of the present study but could be the subject of future research work.
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